Electroweak Sudakov corrections of the form α n log m s/M 2 W,Z are summed using renormalization group evolution in soft-collinear effective theory (SCET). Results are given for the scalar, vector and tensor form-factors for fermion and scalar particles. The formalism for including massive gauge bosons in SCET is developed.
the effective theory are given by summing the results for the Sudakov form factor over all pairs of particles, and correcting for wavefunction renormalization [19] .
We use the theory of Ref. [15] , a SU (2) spontaneously broken gauge theory with a Higgs in the fundamental, where all gauge bosons get a common mass M . It is convenient, as in Ref. [15] , to write the group theory factors using C F , C A , T F and n F , where 2n F is the number of weak doublets. 1 We discuss this theory in the bulk of the paper, and show how the results are modified for the SU (3) × SU (2) × U (1) gauge theory of the standard model at the end. One important difference between the electroweak theory and QCD is that the gauge boson is massive, and we explain the formalism needed to include massive gauge bosons in SCET. We use the notation a(µ) = α(µ)/(4π), L Q = log Q 2 /µ 2 , L M = log M 2 /µ 2 . We will compute the Sudakov form factor F E (Q 2 ) in the Euclidean region for the spacelike process p 2 |O|p 1 with Q 2 = −(p 2 − p 1 ) 2 > 0 to avoid branch cuts in the Feynman integrals. The calculation will follow the discussion of deep-inelastic scattering as x → 1 in Ref. [20] (see also Ref. [21] ). The timelike Sudakov form factor is then given by analytic continuation, F (s) = F E (−s − i0 + ), so that log(Q 2 /µ 2 ) → log(s/µ 2 ) − iπ. The first step in the SCET computation is to match from the operator O in the full theory to the operator O in SCET at the scale µ ∼ Q,
where
A are the SCET fermion, scalar, and gauge fields, and C(µ) depends on the operator being matched. We have written the matching coefficient as exp C rather than C for later convenience. The n-collinear direction is defined to be along p 2 , and then-collinear direction along p 1 , with n = (1, 0, 0, 1) andn = (1, 0, 0, −1). The 
LM + 4 
light-cone components of a four-vector p are defined by
As is well-known, the matching coefficient can be computed as the finite part of the full theory graph, evaluated on-shell, with all infrared scales, such as the gauge boson mass set to zero (see e.g. [20, 22] ). The graphs to be evaluated are those in Fig. 1 . and the wavefunction graphs. The computation for O =ψγ µ ψ is identical to that for DIS [20] , since the gauge boson mass is an infrared scale, and can be set to zero in the matching computation. The one-loop values of C(µ) for the other cases are computed similarly, and are given in Table I , where C(µ) = C (1) α(µ)/(4π) defines the one-loop correction C (1) . The matching coefficient at the high scale will be chosen to be C(µ = Q), and is given by the second column in Table I with L Q → 0. There are no large logarithms in this matching correction.
The renormalization group evolution of exp C(µ) is given by the anomalous dimension of O in SCET. The anomalous dimension is given by the ultraviolet counterterms for the SCET graphs in Fig. 2 (after zero-bin subtraction, see Ref [23] ). The ultraviolet divergence does not depend on the infrared properties of the theory, such as a gauge boson mass, and for O =ψγ µ ψ is identical to the DIS result [20] . The computations for the other cases is similar, and the results are given in Table I , where µ dC/dµ = γ 1 . The anomalous dimension γ 1 is used to evolve C(µ) from µ = Q down to the low scale µ = M . The SCET anomalous dimension is linear in L Q = log Q 2 /µ 2 [17] , and this form persists to all orders in perturbation theory [20, 24] , so we will α(µ) ). We will denote the one-loop corrections by γ 1 = γ
The final step in the computation is the matching condition at the low scale µ = M . At this scale, the massive gauge boson is integrated out, and one matches to an effective theory which is SCET without the massive gauge boson. In our toy example, this effective theory contains no gauge particles. In the standard model, the effective theory has photons and gluons, but no W and Z bosons. The matching at µ = M is given by evaluating the graphs in Fig. 2 , and the wavefunction graphs. This computation is discussed in detail for O =ψγ µ ψ, since it involves new features not discussed earlier in the literature.
The n-collinear graph gives (omitting the factor C(µ))
This integral is divergent, even in 4 − 2ǫ dimensions with an off-shellness, and needs to be regulated. We will regulate the integral by analytically continuing the fermion propagators, using an extension of the method given in Ref. [25] . The p i propagator denominator (p i − k) 2 in the full theory is analytically continued to
where ν i and δ i are new parameters. The (p 2 − k) 2 denominator in Eq. (2) arises from the collinear p 2 propagator, and so gets modified as in Eq. (3). The −n · k propagator in Eq. (2) arises from the (p 1 − k) 2 propgator when k becomes n-collinear. In this limit
We will therefore analytically continue the −n·k propagator in Eq. (2), which arises from the W n Wilson line [18] in O using
where ν
With this choice, Eq. (2) gives
The regulated value of I n is given by setting δ i = r i δ and taking the limit δ → 0 first, followed by ǫ → 0 [25] ,
which is a boost invariant expression, since ν
Then-collinear graph is given by Eq. (6) with the re- ± in the rapidity regularization method of Ref. [23] .
The ultrasoft graph in Fig. 2 is regulated by the same method. The p 2 propagator (p 2 − k) 2 is multipole expanded in the effective theory, and becomes −p − 2 k + , where p − 2 is a label momentum (the p 2 subscript on ξ n,p2 ). Using Eq. (3) for the fermion propagators, we see that after multipole expansion, they are regulated in the same way as the Wilson line propagators. The ultrasoft graph gives
and vanishes on-shell, since p
The total SCET contribution I n + In + I s plus the wavefunction graphs is
where we have used ν
and
The dependence on r 1,2 , δ and ν 2 has dropped out. The 1/ǫ poles are cancelled by the ultraviolet counterterms in the effective theory, and give the same anomalous dimension as in Table I . The contributions of the various diagrams to the anomalous dimension in our calculation is different from that in previous results using an off-shell regulator [20] , where the ultrasoft graph is non-zero, and contributes to γ 1 . The finite part of Eq. (9) gives the multiplicative matching correction exp D(µ), D(µ) = D
(1) α(µ)/(4π) when the massive gauge boson is integrated out. The other cases are computed similarly, and are given in Table I . The massive gauge boson can be integrated out at the scale µ = M , so that L M → 0. In this case, there are no large logarithms in the matching, since L Q only occurs multiplied by L M in D(µ). This is an accident of the one-loop computation [19] . We show in Ref. [19] that in general, one can have a single power of L Q in the matching condition D at higher order. This is consistent with Eq. (9), which has a single L Q term if µ is chosen to be of order, but not exactly equal to, M .
The theory below µ = M , SCET with the massive gauge boson integrated out, is a free theory in our example, so the operator matrix elements are given by their tree-level value. There is no need to introduce any propagating gauge modes below M [26] . The one-loop renormalization group improved value for the Sudakov form factor is Eq. (10) with γ 2 → 0. This can be compared with fixed order results by expanding this in a power series expansion in α(M ), and correctly reproduces the known αL, α 2 L 4 and α 2 L 3 terms. Including, in addition, the known two-loop cusp anomalous dimension [27] , which gives the two-loop value for A 1 reproduces the α 2 L 2 term. The α 2 L term requires the two-loop B 1 term in γ 1 . Including the two-loop cusp anomalous dimension sums the LL and NLL Sudakov series. The two-loop value for B 1 involves graphs with Higgs loops, and is not known.
The results can be extended to the Sudakov form factor in the standard model. The form-factor has to be computed separately forψγ µ P L,R ψ since the theory is chiral. The operatorsψP L,R ψ andψσ µν P L,R ψ are not gauge invariant, so we do not consider them. We give the results in the limit of massless external particles, so that Higgs exchange contributions can be neglected. Flavor mixing and Higgs contributions can easily be included [19] .
The matching at Q and the anomalous dimension γ 1 for the other operators are given by replacing αC F by i α i C F i , where point the W and Z are integrated out.
2 The multiplicative matching correction at µ = M Z is given by adding
3 )/ sin 2 θ W and M = M W . Below this scale, the theory reduces to a gauge theory with gluons and photons, so the operator coefficient has an anomalous dimension γ 2 (µ) equal to γ 1 with the replacement αC F → α s C F 3 + αQ 2 . The final expression for the form-factor in the standard model is then
This equation is used to evolve O down to some low-scale, which depends on the physical process being considered. The µ dependence cancels between the operator anomalous dimension, and the matrix element computed in the effective theory. For example, if one is interested in the cross-section for two-jet events, µ can be chosen to be the jet invariant mass, and the cross-section computed in SCET [28] . Equation (10) can be used to compute the electroweak radiative corrections. Table II gives the numerical values of F E (Q 2 ) for a few sample values of parameters, for scaling down to µ = M Z , and to µ = 30 GeV, the typical invariant mass used to define a jet at the LHC. The numerical values are slightly smaller than the estimate in the introduction, because of cancellation between the two terms in the anomalous dimension ∝ 4L Q − 6.
The Sudakov form factor was considered here because it provided a simple example of our method, with the effective theory operator involving only two external fields. The same methods can be applied to processes of direct relevance to the LHC, such as quark pair production, or the production of new particles such as squarks [19] . These applications require operators involving four external fields. The dominant part of the anomalous dimension (the L Q term) for four-particle operators is twice that for the two-particle operators, so the radiative corrections for pair production are about twice as large as those computed here. The effective theory method readily generalizes to particle production, and to other applications. In particular, it is possible to include SU (2) × U (1) mixing effects (i.e. M W = M Z ) as show here, and to include Higgs radiative corrections, which depend on the large t-quark Yukawa coupling. A more extensive discussion is given in a longer publication [19] .
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